Parathyroid hormone-related protein (PTHrP) regulates a wide variety of developmental processes. Keratin 14 (K14) promoter-mediated overexpression of PTHrP in the epidermis during development converts the entire murine ventral skin to hairless nipple-like skin. In this report, we characterize the morphology and processes that influence the development of nipple connective tissue. The connective tissue of the nipple displayed increased levels of proteoglycans, and collagen bundles with atypical morphology, as well as increased numbers of mast cells, capillaries, nerve fibers and dermal melanocytes. The unique characteristics of nipple connective tissue were not present until mice reach 3-4 weeks of age. The adult male K14-PTHrP mouse has a less dramatic ventral skin phenotype, and does not manifest a nipple-like dermis. Ovariectomy or orchiedectomy prior to sexual maturity had no impact on the ventral skin of the male or female K14-PTHrP mice, but exposure to androgens in utero repressed many of the nipple-like characteristics in the ventral skin of the female K14-PTHrP mice. q
Introduction
Parathyroid hormone-related protein (PTHrP) was first identified as a tumor-derived product responsible for the cancer-associated syndrome, humoral hypercalcemia of malignancy (Broadus et al., 1988 ). This syndrome is produced when tumor-derived PTHrP enters the circulation and stimulates the type I PTH/PTHrP receptor (PTH1R) in bone and kidney, resulting in hypercalcemia . It is now clear that PTHrP is expressed in many adult and developing tissues, and recent experiments have documented that N-terminal PTHrP, signaling through the PTH1R, is a key regulator of endochondral bone development, tooth eruption and mammary gland formation (Lee et al., 1995; Karaplis et al., 1994; Weir et al., 1996; Philbrick et al., 1998; Wysolmerski et al., 1998) .
PTHrP signaling may also participate in the regulation of skin development and/or physiology. PTHrP has been shown to be expressed by cultured human and murine keratinocytes and by epidermally derived structures, such as the hair follicle, mammary bud and the enamel epithelium (Merendino et al., 1986; Foley et al., 1999; Senior et al., 1991; Lee et al., 1995; Dunbar et al., 1998; Philbrick et al., 1998) . The PTH1R is found on dermal fibroblasts, and appears to be particularly abundant in the fetal dermis, where it is also expressed on mesenchymal cells surrounding developing vibrissae and mammary buds (Lee et al., 1995; Dunbar et al., 1998) . Several experiments in mice have suggested that skin-derived PTHrP may be involved in epidermal and hair follicle physiology. First, systemic administration of PTH1R agonists has been reported to inhibit epidermal proliferation, whereas antagonists were found to stimulate epidermal proliferation and to increase the duration of the anagen phase of hair follicle growth (Holick et al., 1994; Schilli et al., 1997) . Second, the absence of PTHrP expression within the epidermis has been evaluated by skeletally targeted, transgenic 'rescue' of the PTHrPknockout mice. Lack of PTHrP did not appear to affect the fetal development of skin and hair follicles. However, by 3-6 weeks of age, these rescued knock-out mice developed a thin hyperkeratotic epidermis, alterations in the dermis, and diminished adnexal structures (Foley et al., 1998) . Overexpression of PTHrP in the skin has also been studied, utilizing keratin-14 promoter-directed expression of PTHrP in basal keratinocytes and outer root sheath cells of the epidermis . These mice displayed a dramatic phenotypic disparity between the dorsal and ventral skin . On the dorsal surface, overexpression of PTHrP resulted in a modest delay in the initial development of fetal hair follicles. However, on the ventral surface, PTHrP overexpression caused a nearly complete failure of hair follicle development, a thickened hyperkeratotic epidermis and an expanded hypercellular dermis .
In contrast to hair follicles and the interfollicular epidermis, nipple skin does require PTHrP signaling for its development, for nipples are absent in both PTHrP and PTH1R knock-out mice. In mice, the nipple sheath is a specialized patch of epidermis that surrounds the primary lactiferous duct and forms concurrently with the fetal mammary gland.
A series of studies have demonstrated that PTHrP signaling is necessary for the formation of the mammary epithelium, which is also absent in PTHrP and PTH1R knock-out mice. During fetal mammary development, PTHrP is produced by the epithelial cells of the mammary bud and the PTH1R is expressed on the mesenchymal cells underlying the epidermis and surrounding the mammary bud. It appears that PTHrP from the mammary epithelial cells acts on the mesenchymal cells in close proximity to the mammary bud, causing them to differentiate into dense mammary mesenchyme . In turn, these mammary-specific fibroblasts then direct subsequent differentiation and morphogenesis of the mammary epithelial cells. In addition, mammary mesenchyme cells also appear to instruct the overlying epidermis to form a nipple (Foley et al., 2001) . Interestingly, when we studied K14-PTHrP transgenic mice, it appeared that expansion of PTHrP expression to the entire developing epidermis led to the ectopic acquisition of mammary mesenchyme markers by the ventral dermis . It also appeared that the abnormal ventral skin of the K14-PTHrP mouse displayed several morphological characteristics similar to the skin of the murine nipple sheath (Foley et al., 2001) . In this report, we extend the comparison of normal murine nipple skin and the ventral skin of K14-PTHrP transgenic mice and document further that the K14-PTHrP transgenic mouse is a useful model for the study of nipple skin differentiation.
Results

Extracellular matrix of nipple connective tissue
We first studied the ultrastructure of connective tissue from the nipple region of young adult mice, as this tissue is derived from the embryonic mammary mesenchyme. We examined nipple tissue from 8-week-old virgin wild-type females and compared this to non-nipple, ventral skin from the same mice, as well as to ventral skin from K14-PTHrP littermates. The most striking feature of the normal nipple connective tissue was a reduced organization of the collagen bundles found immediately beneath the epidermis. These collagen bundles had a wavy appearance and several orientations of the fibers could be observed in a relatively small area (Fig. 1B, indicated by L) . In addition, consistent with previous histochemical observations (Foley et al., 2001) , elastic fibers could easily be seen within the nipple connective tissue (Fig. 1B, arrows) . The fibroblasts underlying the nipple sheath had a relatively high cytoplasm to nucleus ratio and prominent cytoplasmic vesicles. In contrast to the nipple, the wild-type ventral dermis contained larger bundles of a parallel array of collagen fibers (Fig. 1A indicated by L), and elastic fibers were uncommon. The dermal fibroblasts from normal ventral skin also had euchromatic nuclei. The most distinct feature of these cells was minimal cytoplasm with rough endoplasmic reticulum; however, they did not contain prominent vesicles. (Fig. 1A) . As shown in Fig. 1C , the ventral dermis from female K14-PTHrP mice was similar to the connective tissue of the normal nipple. The collagen fibrils of the transgenic ventral dermis demonstrated an arrangement similar to those of nipple connective tissue, and many elastic fibers were observed (Fig. 1C arrows) . The fibroblasts from the transgenic dermis also had a relatively high cytoplasm to nucleus ratio, abundant cytoplasmic vesicles and ample rough endoplasmic reticulum.
The distinct morphology of the collagen bundles in the nipple connective tissue and dermis of the K14-PTHrP mouse was also apparent at the light microscopic level, as determined by Masson's Trichrome stained sections ( Fig.  2A-C) . In order to determine if this altered collagen morphology reflected altered collagen gene expression, northern blots were employed using total RNA extracts from ventral skins of female K14-PTHrP and wild-type littermates at various ages hybridized with a type IA1 collagen probe. No differences in collagen IA1 transcript levels were observed at any age between transgenics and wild-type littermates (data not shown). Thus, it appears that while the organization of collagen differed between K14-PTHrP and wild-type dermis, its production did not.
Next, we examined the dermal expression of other extracellular matrix components. Laminin antibodies labeled blood vessels, the margins of fat cells and minimally the dermo-epidermal junction. Compared to normal ventral dermis, laminin immunoreactivity was increased adjacent to the epidermis in both the normal nipple connective tissue and the ventral dermis of the K14-PTHrP transgenic mice ( Fig. 2D-F) . We also assessed the glycosaminoglycan content of the nipple connective tissue using Mowry's colloidal iron stain (Schwartz et al., 1994) . These studies suggested that there was an increase in the content of ground substance in the nipple skin samples as compared to normal ventral dermis ( Fig. 2G-I ). Again, this was also true for the K14-PTHrP transgenic ventral dermis.
Cells of nipple connective tissue
The initial characterization of the K14-PTHrP mouse indicated that the ventral dermis was expanded and very cellular, containing a heterogeneous collection of non-fibroblast cell types . Therefore, we next examined the cellular makeup of normal nipple connective tissue to see if there were similarities between the non-fibroblast cells of the normal nipple and K14 ventral dermis. As shown in Fig. 3A -C, as compared to control ventral skin, methylene green staining (arrows) revealed that nipple connective tissue and ventral dermis from K14-PTHrP transgenic mice contained increased numbers of mast cells. Morphometric analysis indicated that the number of mast cells/area in nipple connective tissue and the K14-PTHrP dermis was 310^60/mm 2 and 120^30/ mm 2 , respectively, as compared to 31^7/mm 2 for the wildtype ventral dermis. Histological examination of the nipple region and K14-PTHrP ventral skin suggested that they were more vascular than normal ventral skin. In order to confirm these observations, we performed immunohistochemistry with a polyclonal antibody against von Willebrand factor to detect endothelial cells. These studies demonstrated an increased number of capillaries in the nipple connective tissue and the female K14-PTHrP dermis relative to ventral skin from wild-type mice ( Fig. 3D-F) . The human nipple is richly innervated with nerve fibers, especially along the primary lactiferous duct, smooth muscle beds and hairs around the periphery of the areola (Montagna, 1970) . In order to determine if nerve fibers contributed to the overall cellularity of the K14-PTHrP ventral skin, murine skin and nipple samples were subjected to silver staining and to immunohistochemistry with antibodies to the neurofilament peripherin (Parysek et al., 1988) . Very little fiber or peripherin antibody labeling was observed in wild-type ventral skin, but some fibers could be observed around hair follicles (Fig. 3G ). In contrast, nerve fibers were abundant within the samples of nipple and transgenic ventral dermis. In the nipple, most peripherin labeling was observed along the lactiferous duct (Fig. 3H ), whereas small, labeled fibers were present along the entire subepidermal region of the ventral K14-PTHrP skin (Fig. 3I) . Similar results were obtained from sections stained with Bodian's silver stain for nerve fibers (not shown).
Nipples are pigmented structures and, in sexually mature women, nipple melanocytes are located in the basal layer of sebaceous glands that are not associated with hair follicles (Montagana, 1970) . In mice, the nipples lack these sebaceous glands but we did find that they contained melanocytes located within the connective tissue ( Fig. 4C arrows) . Furthermore, the quantity of these cells within the nipple varied with age. In 10-day-old wild-type agouti or black mice, the nipples are deeply pigmented but become less so in mice greater than 12 weeks of age. This change correlates with a gradual reduction of the numbers of pigmented cells within the nipples over time. Likewise, the ventral dermis of K14-PTHrP mice contained a large number of melanocytes. At the ultrastructural level, these pigmented cells possessed extensive dendritic processes that extended into the epidermis (Fig. 4F , arrow). As in the nipple, the dermal melanocytes appeared to be most numerous in young mice (5 days to 2-week-old female K14-PTHrP mice) where they produced a very dark brown ventral skin (Fig. 4B ).
Pigmented cells became progressively less apparent in adult K14-PTHrP mice (.8 weeks) but still could be observed in the dermis of mice greater than 1 year of age (compare Fig. 4D and E; 1 year not shown). Interestingly, dermal melanocytes were the single characteristic of nipple connective tissue found on the dorsal dermis of the K14-PTHrP mouse, although they were present in greatly reduced numbers as compared to ventral skin.
Ventral skin of the male K14-PTHrP mouse
The initial description of the K14-PTHrP transgenic mice indicated that the ventral skin of the males was less severely affected than that of females . Therefore, we wondered if the nipple-like changes in the ventral dermis were also less pronounced. In order to address this issue, we evaluated the connective tissue phenotype of the male K14-PTHrP mouse and compared this with wild-type and transgenic female littermates. Even in regions from the male K14-PTHrP skin that contained no identifiable hair follicles, Masson's Trichrome staining indicated that dermal cellularity was markedly reduced and that the bodies of smooth muscle were absent as compared to female transgenic littermates ( Fig. 5C-E) . The ventral skin of male K14-PTHrP mice had reduced numbers of mast cells, blood vessels and nerve fibers as compared to samples from female transgenic littermates ( Fig. 5F -H von Willebrand and peripherin antibody labeling not shown). In addition, the morphology of the collagen fibers, the relative intensity of proteoglycan staining and the numbers of elastic fibers in the ventral dermis of the male transgenic were similar to those observed in wildtype littermates and reduced as compared to the female K14-PTHrP samples (Fig. 5I -K, Mowry's colloidal iron staining not shown). Thus, as expected, the sexual dimorphism in the ventral skin phenotype of the transgenic mice correlated with a sexual dimorphism in the occurrence of nipple-like changes in the ventral dermis.
Appearance of nipple connective tissue elements during development
Sex hormones exert influences on morphology at discrete time points in the developmental process. Male mice lack nipples due to the actions of androgens on the mammary mesenchyme during fetal mammary development (Turner and Gomez, 1933; Hoshino, 1965; Kratochwil and Schwartz, 1976; Goldman et al., 1976) . Subsequent growth and morphogenesis of the nipple occurs in females during puberty and pregnancy (Toyoshima et al., 1998) . This latter morphogenesis appears to be influenced by estrogen and progesterone (Toyoshima et al., 1998) . To determine what factors might be influencing the connective tissue phenotype of the nipple, a series of ventral skin samples from male and female K-14-PTHrP mice from birth, 1, 2, 3, and 4 weeks of age were compared to wild-type nipples taken from the same time points. The 3-and 4-week time points represent the initiation of the production of steroid hormones by testes and ovaries in most strains of mice (Bronson et al., 1966) . The ventral phenotypes of the male and female K14-PTHrP mice were already histologically distinguishable at birth due to the presence of a few hair follicles in the males (not shown). However, most of the cellular and extracellular matrix characteristics of nipple connective tissue were not present at birth, but began to become apparent at 2 weeks. Specifically, pigmented dermal melanocytes were present by 1 week and smooth muscle bodies appeared by 2 weeks of age (Fig. 6 ). Increased numbers of mast cells and blood vessels in the nipple connective tissue were not apparent in the nipple or the ventral K14-PTHrP skin of females until 3 weeks (not shown). Very few elastic fibers are present in murine skin before 2 weeks of age. Increased levels of elastic fiber staining were not apparent in the nipple until 4 weeks (not shown). Both laminin and glycosaminoglycan labeling were very intense in all ventral skin samples and the nipple at the early time points (newborn to 2 weeks, not shown). Strong labeling for laminin and glycosaminoglycan was retained by nipple connective tissue in the adult, whereas staining for the components began to be reduced at 3-4 weeks in the control samples (not shown). The sexual dimorphism of the K14-PTHrP dermal phenotype paralleled the development of the nipple connective tissue phenotype, emerging 1-2 weeks after birth and becoming distinct by 3-4 weeks.
Role of sex steroid hormones in the formation of nipple connective tissue elements
Given that the nipple connective tissue phenotype did not become apparent until 3-4 weeks in the K14-PTHrP mouse, we examined the ventral skin phenotype of adult K14-PTHrP mice that had been orchiectomized and ovariectomized at 2 weeks prior to puberty. This permitted us to determine if the development of the nipple-like characteristics of the K14-PTHrP ventral skin depended on the pubertal rise of sex steroids. There were subtle differences in the gross appearance of epidermis of the ovariectomized K14-PTHrP mice, as compared to non-operated transgenic littermates. The ventral epidermis of ovariectomized K14-PTHrP mice appeared to be drier and flakier, but the overall histological phenotype was largely unchanged as compared to controls (Fig. 7F vs. Fig. 2C ). Evaluation of the various cellular and extracellular matrix markers indicated that there were not marked differences between the ventral dermis of the ovariectomized K14-PTHrP mice and nonoperated controls. Ovariectomy had little impact on the cellular characteristics of the nipple in wild-type animals; however, the structure was small and did not have the typical elevation from the surrounding skin (Fig. 7E) , and these could be located only after serial sectioning of the relevant quadrants of ventral skin. Orchiectomy appeared to have no impact on the ventral skin phenotype of the male K14-PTHrP transgenic mice. Evaluation of the various cellular and extracellular matrix markers indicated that there were not marked differences between the vental dermis of the ovariectomized K14-PTHrP mice and non-operated controls. These data suggest that the sexual dimorphism of the nipple-like connective tissue phenotype did not result from the action of testosterone or estrogen during puberty. In particular, these findings indicate that the lessening of the severity of the ventral phenotype in males is likely to be a function of androgens during fetal development.
To provide a direct evaluation of the role of fetal androgens in the development of the K14-PTHrP ventral skin phenotype, on 12 and 13 days post-coitus, we exposed to testosterone pregnant wild-type mice that had been bred with K14-PTHrP males. This treatment pattern has been previously reported to prevent nipple formation in female mice (Hoshino, 1965) . Normal-sized litters were obtained from the dams treated with testosterone. At 8 and 10 days, none of the wild-type littermates exhibited nipples. By 3 weeks, the gross ventral skin phenotype of all K14-PTHrP mice derived from testosterone-treated dams was similar to that of male transgenics from untreated mothers (Fig. 7C,  D) . At 6 weeks, ventral skin from testosterone-treated K14-PTHrP male and female mice was obtained and was processed for histology. As shown in Fig. 7G , female K14-PTHrP mice exposed to testosterone in utero lacked smooth muscle and the highly cellular dermis associated with nipple-like connective tissue. Evaluation of the elastic fibers, laminin and glycosaminoglycans content as well as nerve fiber labeling, mast cells and blood vessels indicated that the ventral dermis phenotype of female K14-PTHrP mice exposed to testosterone in utero was identical to male transgenics (not shown). These observations suggest that exposure to fetal androgens was responsible for the sexual dimorphism of the transgenic phenotype.
As noted above, fetal androgens interact with the dense mammary mesenchyme and trigger destruction of the developing murine mammary bud at embryonic days (E14-E16). There appear to be two main actions of androgens on these cells. First, the mammary mesenchyme condenses around the neck of the mammary bud and severs its connection to the epidermis. Second, there is a massive wave of apoptosis that eliminates the mammary mesenchyme cells and many of the mammary epithelial cells. Male mice lack nipples, presumably because the androgen-mediated elimination of mammary mesenchyme cells removes the inductive signals that would normally instruct the epidermis to differentiate into nipple skin. Therefore, we reasoned that one explanation for the sexual dimorphism in the K14-PTHrP phenotype might be the elimination of mammary mesenchyme-like cells within the ventral dermis in response to fetal androgens in the male mice. In order to investigate this possibility, we used in situ DNA nick end (TUNEL) labeling to evaluate the mammary glands and ventral skin of testosterone-treated E-15 wild-type and K14-PTHrP fetuses for evidence of programmed cell death. TUNEL labeling was observed around the androgen-exposed mammary buds of male and female wild-type and K14-PTHrP transgenic fetuses (Fig.  8C, D) . In addition, we also found evidence for patches of apoptosis in the ventral dermis of the androgen-exposed K14-PTHrP transgenic fetuses of both sexes (Fig. 8E, F) . No such TUNEL labeling was seen in the ventral dermis of wild-type fetuses (data not shown). These findings suggest that the mammary mesenchyme-like cells in the ventral dermis of the K14-PTHrP mouse may undergo programmed cell death in response to androgens in a fashion similar to the dense mammary mesenchyme surrounding the mammary buds. The loss of these cells in response to androgens may, in turn, explain the mitigation of the ventral nipple-like skin phenotype in male K14-PTHrP mice.
Discussion
Nipple connective tissue differs from murine dermis in that there is an alteration in the distribution of basic dermal elements rather than major qualitative differences. In nipple connective tissue, there appears to be relatively greater abundance of elastic fibers, glycoproteins such as laminin, and glycosaminoglycans. Nipple connective tissue tends to be comprised of smaller, less organized collagen bundles as compared to the ventral murine dermis. In many respects, these characteristics are similar to the papillary dermis in Fig. 7 . Impact of orchiectomy, ovariectomy and exposure to exogenous androgens during development on the ventral skin phenotype of the K14-PTHrP mice. (A) Eight-week-old female K14-PTHrP mouse ovexed at 2 weeks. (B) Eight-week-old male K14-PTHrP mouse castrated at 2 weeks. (C) Six-week-old female K14-PTHrP mouse exposed to exogenous testosterone at E12-13. (D) Six-week-old male K14-PTHrP mouse exposed to exogenous testosterone at E12-13. (E-H) Skin sections stained with Masson's Trichrome. (E) Nipple from ovexed wild-type (arrow indicates smooth muscle around tremendously enlarged lactoferous duct). (F) Ventral skin from an ovexed K14-PTHrP (smooth muscle arrows). (G) Female K14-PTHrP mouse exposed to exogenous testosterone at E12-13. (H) Male K14-PTHrP mouse exposed to exogenous testosterone at E12-13. Note the distended abdomen in the testosterone-treated female K14-PTHrP mouse. This was the result of a tremendously enlarged fluid-filled uterus as has been previously reported by Hoshino. Magnification bar represents 100 mm in (E,F) and 60 mm in (G,H).
humans -a region where the fibroblasts are active and subject to interactions with an overlying epidermis that is several layers thick (Haake and Holbrook, 1999) . In comparison to human skin, the papillary dermis of murine ventral skin is a very minor component of this connective tissue layer and is difficult to discern histologically (Hummel et al., 1966) . It is not clear whether the characteristics of nipple connective tissue are the product of a specific differentiation program associated with primary mammary mesenchyme cells that persist in this region or are the result of altered epidermal influences upon dermal fibroblasts.
The cellular composition of nipple connective tissue most Fig. 8 . Mammary buds and ventral skin in E15 embryos treated with exogenous testosterone. (A,B) are H&E-stained sections through mammary buds from female wild-type (A) and K14-PTHrP transgenic (B) female fetuses exposed to testosterone. In both instances, androgen treatment has initiated the destruction of the buds that normally only occurs in male embryos. Note that the mammary epithelial bud (arrows) is misshapen and is no longer connected to the epidermis. The stalk of the normal bud is now replaced by a condensation of mammary mesenchyme (arrowheads). (C,D) show TUNEL assays performed on sections through wild-type (C) and K14-PTHrP transgenic (D) mammary buds that have been exposed to testosterone. Again, arrows indicate the mammary epithelial bud and the arrowheads indicate the condensed mammary mesenchyme. Note that just as normally occurs in males, in response to androgens, cells within the female mammary mesenchyme undergo apoptosis after destroying the epithelial stalk. (E,F) show TUNEL assays performed on ventral skin taken from K14-PTHrP female (E) and male (F) embryos exposed to testosterone. Notice that, in response to androgen treatment, mammary mesenchyme-like cells within the ventral dermis also undergo apoptosis. This does not occur in wild-type embryos treated with androgens (not shown).
likely contributes to the appendage's role in lactation. The nerve fibers that run along the lactiferous duct are believed to play a role in conducting stimuli that trigger hormonal responses (Montagna, 1970) . The extensive smooth muscle beds in the human nipple contract to make the structure more prominent and presumably aid lactation (Montagna, 1970) . Although smooth muscle beds are present in the murine nipple, they are not prominent, possibly suggesting that contraction of the structure is of less importance to lactation in this species. The length of the murine nipple increases three-fold during pregnancy and the early lactation period, making the structure more prominent and thus likely enhancing milk transfer to the pups (Toyoshima et al., 1998) . Abundant capillaries are required to support the thickened epidermis and lactiferous ducts as well as the smooth muscle bodies of the structure. The increased density of mast cells found in nipple connective tissue may be related to the increased vascularity of this tissue as compared with normal dermis. Since the nipple may represent a point at which pathogens could enter the body, increased numbers of mast cells may be located within it as a defensive mechanism (Beyton, 1989) . The presence of melanocytes in murine connective tissue is not limited to the nipple. Dermal melanocytes that contain pigment granules are observed in skin regions with reduced numbers of hair follicles, including the ear, tail and genital regions of pigmented mice (Boissy, 1998; Hummel et al., 1966) . This observation suggests that in the mouse extra melanocytes are formed and migrate into these skin areas but are unable to reach their target: the hair follicle in these regions. In the female K14-PTHrP mouse, the presence of great numbers of dermal melanocytes on the ventral surface would be expected as result of the lack of hair follicles. The presence of dermal melanocytes in the dorsal skin of the K14-PTHrP mouse may result from delayed hair follicle morphogenesis . Inhibition of hair follicle morphogenesis appears to be a significant element in nipple development (Foley et al., 2001) , and the presence of melanocytes in the connective tissue reflects the consequences of the developmental pathway employed to generate the structure.
On the basis of the findings reported here and in previous work, we propose a model illustrated in Fig. 9 for the morphogenesis of the nipple. During the initial phase of embryonic mammary development (E10-E12), interactions (including N-terminal PTHrP signaling the PTH1R) between mammary epithelial cells and the underlying mesenchyme result in the formation of a distinct mesenchymal condensation referred to as the dense mammary mesenchyme that surrounds the developing epithelial bud. In male fetuses, circulating androgens instruct the dense mammary mesenchyme to destroy the mammary epithelial bud. Subsequently, the mesenchymal cells are, themselves, removed via apoptosis at the end of this process . In female fetuses, where androgen is not present, the dense mammary mesenchyme appears to initiate epithelial ductal morphogenesis leading to the outgrowth of the mammary epithelium (E16) and its penetration into the mammary fat pad (Sakakura, 1987) . In addition, at E18, it appears that the dense mammary mesenchyme also directs the formation of the nipple. In response to inductive cues from the mammary mesenchyme, the overlying epidermis undergoes a distinct pattern of differentiation. A key component of this inductive interaction appears to be the loss of LEF1 expression and the suppression of hair follicle morphogenesis (Foley et al., 2001 ). LEF1/b-catenin appears to be required to turn on the BMP and sonic hedgehog signaling cascades required for hair follicle morphogenesis (Huelsken et al., 2001 ). The precise relationship between the N-terminal PTHrP signal and inhibition of Lef1/b-catenin as well a comprehensive description of the molecular signaling pathways used to generate the mammary gland are areas currently under study.
In every respect that we have examined, the epidermis and dermis of the ventral K14-PTHrP transgenic skin resemble nipple skin and not typical ventral skin. These include changes in LEF1 and b-catenin expression, changes in the pattern of differentiation marker expression within the epidermis, changes in extracellular matrix and changes in the cellular composition of the dermal connective tissue. It also includes the acquisition of a pattern of sexual dimorphism in the ventral skin that is normally limited to the developing mammary bud in rodents. We believe that androgenmediated elimination of the mammary mesenchyme-like cells in the developing male K14-PTHrP transgenic embryos most likely explains their less pronounced phenotype. Thus, it appears that the cells of the developing ventral dermis are relatively plastic, and, as has been previously reported with cultured explants (Dürnberger and Kratochwil, 1980) , are capable of differentiating into mammary mesenchyme. The expression of high levels of N-terminal PTHrP in the epidermis at the appropriate time, provides a sufficient signal to trigger the acquisition of a mammary phenotype. Once formed, the mammary mesenchyme instructs the overlying epidermis to take on nipple-like characteristics by repressing hair follicle morphogenesis and then directs the formation of nipple connective tissue elements.
Experimental procedures
Mice
All experiments that used animals were approved by the Indiana University IACUC and were performed in compliance with stipulations of that body. Fetal and immature K-14 PTHrP mice were identified and sexed using polymerase chain reaction (PCR) and primers detailed in Foley et al. (2001) . To complete the developmental survey of nipple and K14-PTHrP ventral skin phenotype, at least two samples of wild type or K14 male or female mice were evaluated for every time point. Ovariectomies and castrations were performed at 13 days of age on K14-PTHrP mice and sexmatched wild-type littermates (N ¼ 3 for each genotype). The skin and nipple phenotypes of the ovexed and castrated mice were evaluated at 8 or 12 weeks. Testosterone injection experiments were performed as described in Hoshino (1965) . On days 12 and 13 after a vaginal plug was observed ( ¼ day 1), pregnant mice (N ¼ 5) were injected with 5 mg of testosterone propionate (Sigma, St. Louis, MO) in 0.05 ml of sterile sesame oil. Fetuses from two litters were harvested at E15 for TUNEL labeling. The pups of remaining litters were visually inspected at 8 as well as 10 days after birth and weaned at 21 days. Ventral skins from the testosterone-treated litters were harvested at 6 weeks. Sex of pups treated was determined at 3 weeks by PCR for SRY and reconfirmed by dissection at 6 weeks.
Tissues, histology and immunohistochemistry
For adult mice, skins were cut at the approximate midpoint of the ventral surface for females and the rostral hairless region for males. Full-width 1-2 cm ventral skin strips were flattened onto note cards, fixed in Bouin's or formalin or placed into plastic molds and quick-frozen in Tissue-Tek OCT compound (Miles Inc., Elkhart, IN). Nipples were dissected by removing ,2-4 mm 2 from around the structure and placing this in fixative or in frozen Fig. 9 . Cell fate bifurcation model of the development of nipple connective tissue. Nearly all mesenchymal cells of the developing dermis express the PTH1R; however, the ventral mesenchyme is uniquely receptive to the N-terminal PTHrP signal. PTHrP is exclusively expressed at high levels in the skin by the epithelial cells of the mammary bud (E11-E13) and continues to be highly expressed through E15 (Dunbar et al., 1998 and Cho and Foley, unpublished observatiuon) . (PTHrP expression in the mammary bud is indicated by red line.) Transduction of the PTH1R signal differentiates the ventral mesenchymal cells to mammary mesenchyme. In male fetuses, androgen at E13 to E15 [purple line indicates period of sensitivity of the structure to androgen (Kratochwil, 1977) ] triggers apoptosis in the mammary mesenchyme, eliminating the influence of these cells from the developing skin. In female fetuses at E16, the mammary mesenchyme cells direct the downward growth and branching of the mammary epithelia into the fat pad. Inhibition of hair follicle formation results from the inability of the mammary mesenchyme cells to be recruited to form dermal papilla cells. At E18, the mammary mesenchyme cells direct the formation of nipple epidermis. Finally, the mammary mesenchyme cells or factors created by them direct the formation of the unique cellular and extracellular matrix characteristic of nipple connective tissue during early postnatal life. mounting media as above. Whole embryos were fixed in Bouin's or 4% paraformaldehyde at 48C for 12 h and the ventral skins were harvested in a manner similar to that described for the adult. Bouin's and formalin-fixed tissues were embedded in paraffin using standard techniques. Fullwidth sections starting from the mid-abdominal region were produced from the various ventral skin strips, whereas the nipples were located by serial sectioning of the entire tissue fragment. The following histologic stains were used to identify specific connective tissue cells/components in Bouin's or formalin-fixed paraffin embedded tissues: Masson's Trichrome, smooth muscle bodies; methylene green, mast cells; aldehyde fuchsin, elastin fibers; Mowry's colloidal iron, glycosaminoglycans; and Bodians stain, nerve fibers.
Immunohistochemistry was performed as detailed in Foley et al. (2001) . The specific concentrations and modifications to the basic procedure are listed below. For von Willebrand polyclonal antibody (Dako, Heidlelberg, Germany) diluted 1 to 3000, labeling required antigen retrieval in 10 mM citrate under pressure in a microwave. Laminin polyclonal antibody (Sigma) was diluted 1 to 500 and used on formalin-fixed tissues. Peripherin polyclonal antibody labeling was performed on formalin-fixed tissues with a rabbit polyclonal antibody (010) obtained from L.M. Parysek, U. Cincinnati, diluted 1 to 50. Results from immunohistochemistry were replicated on skin samples from at least two mice of every genotype or sex evaluated. Image analysis was performed using NIH image on 8-bit images captured with a Spot RT digital camera.
TUNEL assay
Formalin-fixed skin sections were deparaffinized, rehydrated as above, and washed in phosphate-buffered saline (PBS) (0.171 M NaCl, 3 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ). Sections were processed in 5 mg/ml Proteinase K (Sigma) in phosphate-buffered saline (PBS). Slides were washed twice in PBS, once in PBS 1 1% BSA, and then incubated with TUNEL reagents from the In Situ Cell Death Detection Kit, POD (Boehringer Mannheim, Germany) for 1 h at 378C. Sections were then washed, mounted in glycerol medium and viewed with florescence. Control UV-irradiated dorsal skin sections were obtained from a clipped 6-week-old CD-1 mouse 24 h after exposure to 2000 J/m 2 UV-B from a tanning bed light (Ziegler et al., 1994) .
Northern blots
Northern blots were performed as described in Nephew et al. (1993) using a rat collagen 1A1 probe (Alvarez et al., 1997) on 15 mg of total RNA extracted with Triazol (Gibco-BRL, Gaithesburg, MD) from ventral skins of female newborn, 3-and 10-week old female K14-PTHrP mice and wild-type littermates.
